Depletion-mode indium zinc oxide channel thin film transistors ͑TFTs͒ with gate dimension of 1 ϫ 200 m and drain-to-source distance of 2.5 m were fabricated on glass substrates using radio frequency magnetron sputtering deposition at room temperature. Plasma-enhanced chemical vapor deposited SiN x was used as the gate insulator. The threshold voltage was around −2.5 V. Saturation current density at zero gate bias voltage was 2 mA/mm, and a maximum transconductance of 7.5 mS/mm was obtained at V ds = 3 V. The drain current on-to-off ratio was Ͼ10 5 . The maximum field effect mobility measured in the saturation region was ϳ14.5 cm 2 V −1 s −1 . A unity current gain cutoff frequency, f T , and maximum frequency of oscillation, f max of 180 and 155 MHz, respectively, were obtained. The equivalent device parameters were extracted by fitting the measured s parameters to obtain the intrinsic transconductance, drain resistance, drain-source resistance, transit time, and gate-drain and gate-source capacitance. There is a strong interest in developing oxide-based thin film transistors ͑TFTs͒ due to their higher transparency and better carrier mobility as compared to amorphous silicon. Amorphous or nanocrystalline n-type oxide semiconductors such as zinc oxide, zinc tin oxide, indium gallium oxide, and indium gallium zinc tin oxide have shown surprisingly high carrier mobilities ͑ϳ10 cm 2 V −1 s −1 ͒, even for amorphous films deposited at room temperature.
There is a strong interest in developing oxide-based thin film transistors ͑TFTs͒ due to their higher transparency and better carrier mobility as compared to amorphous silicon. Amorphous or nanocrystalline n-type oxide semiconductors such as zinc oxide, zinc tin oxide, indium gallium oxide, and indium gallium zinc tin oxide have shown surprisingly high carrier mobilities ͑ϳ10 cm 2 V −1 s −1 ͒, even for amorphous films deposited at room temperature. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] The amorphous films are desirable over polycrystalline films because the absence of grain boundaries improves the stability and uniformity of TFT performance and the morphology is generally smoother. 16 These transparent conducting oxides may also be used as electrodes in solar cells and flat-panel display devices. [18] [19] [20] The dc characteristics of InZnO ͑IZO͒-based TFTs were reported previously by several groups; however, there was no report of radio frequency ͑rf͒ performance of the IZO-based TFTs.
In this article we report on the first demonstration of small-gatelength ͑1 ϫ 200 m͒ IZO TFTs with an rf magnetron sputtering deposition for the IZO layer. The dc and rf performances of the devices were characterized. An equivalent transistor T-model was used to extract the small-signal parameters from the measured s parameter. These ␣-IZO films deposited at low temperature are shown to be excellent candidates as channel materials for TFT applications and are especially suitable for flexible substrates.
The films were deposited on glass substrates ͑Corning EAGLE 2000͒ near room temperature by rf magnetron sputtering using 4 in. diameter targets of In 2 O 3 and ZnO. The temperature at the substrate surface was ϳ40°C after the ␣-IZO deposition, as determined from temperature indicators attached to reference glass substrates. The working pressure was varied from 2 to 15 mTorr in a mixed ambient of O 2 /Ar. obtained from Hall measurements. The partial pressure of oxygen during the sputter deposition was found to be the dominant factor controlling the conductivity of the films. The sputtering power on the targets was held constant at 125 W, leading to compositions of the films measured by X-ray fluorescence spectroscopy of In/Zn = 0.5 in atomic ratio. The typical thickness of the IZO films deposited was 150 nm, with a root-mean-square roughness of 0.4 nm, measured over a 10 ϫ 10 m area by atomic force microscopy. The films were amorphous as determined by X-ray diffraction and showed optical transmittance of ϳ80% in the visible range. Top-gate TFTs using 50 nm of ␣-IZO channels and 12.5 nm thick SiN x gate insulators deposited by plasma-enhanced chemical vapor deposition were fabricated as shown schematically in Fig. 1 . The SiN x layer was also deposited without heating the substrates, making the entire process consistent with typical continuous-use temperatures of commercial plastic films for electronic devices. In addition, the SiN x gate dielectric provided superior stability of device performance relative to SiO 2 deposited under the same conditions. 10 gate-to-source and drain distance are 0.5 and 1.0 m, respectively. The TFT structure was defined using photolithography and lift-off processes. The drain and source electrodes were formed with electron-beam evaporated Ti ͑20 nm͒/Au ͑80 nm͒, which was defined by lithography on the ␣-IZO films. The Ti/Au metallization was also used as the final metal contact. Linear transmission line patterns were also fabricated on the same substrates. Specific contact resistance and sheet resistance from the linear transmission line measurements were 7 ϫ 10 −5 ⍀ cm 2 and 0.9 M⍀/Ǣ, respectively. The dc characteristics of the transistors were obtained using an Agilent 4145B parameter analyzer, and the rf measurements were conducted with an Agilent 8510 network analyzer. Figure 2 shows typical drain current vs drain voltage, I ds − V ds , characteristics from the IZO transistors. The transistor operated in depletion mode with an appreciable drain current of 2 mA/mm at zero gate voltage. Figure 3 ͑top͒ shows drain current, I ds , and transconductance, g m , as a function of V gs for an IZO TFT. A maximum transconductance of 7.5 mS/mm was obtained at V ds = 3 V and V g = 0 V, and this is the highest transconductance ever reported for IZO-based TFTs. 10, 16, 17 The transistor has a threshold voltage of −2.5 V, which is the gate voltage at the onset of the initial sharp increase in current in a log͑I ds ͒ − V gs characteristic. The field-effect mobility was extracted from the ideal metal-oxide-semiconductor field effect transistor equation in the saturation region. 16 A value of 14.5 cm 2 V −1 s −1 was obtained, only slightly lower than the Hall mobility of ϳ17 cm 2 V −1 s −1 in the thicker film of the same layers. This reduced value of field mobility relative to Hall mobility is commonly observed in TFTs and suggests that there is some scattering of carriers by trapped charges at the IZO/SiN x interface. A detailed discussion of the physical interpretations of the various types of mobilities extracted from oxide TFTs has been published previously in an IGO-based TFT paper. 17 The drain and gate current are also plot in logarithmic scale vs gate voltage, as shown in Fig. 3 ͑bottom͒. The gate leakage current is 2 ϫ 10 −10 A, and the drain current on-to-off ratio is Ͼ10 5 . The measured s parameters, estimated h 21 , and unilateral power gain of a typical IZO TFT are illustrated in Fig. 4 . The TFT was biased at drain and gate voltage of 3 and 0 V, respectively, during the s-parameter measurements. Unity gain cutoff frequency and maximum frequency of oscillation of 180 and 155 MHz, respectively, were achieved. A simplified equivalent T-model for the IZO TFT, as shown in Fig. 5 , was used to extract the device parameters. The extracted device parameters are listed in Table I . The extracted source and drain resistance were consistent with the estimated resistance based on the transmission line measurements and drain current-voltage ͑I-V͒ characteristics. The simulated intrinsic transconductance was very close to the measured extrinsic transconductance. The low cutoff frequency of the IZO was limited by the fairly long transit time, 16 ps, low transconductance, and high parasitic resistances, which resulted from low mobility and saturation velocity of the ␣-IZO channel layer. However, this megahertz range switching performance is sufficient for many display applications.
In conclusion, dc and rf characteristics of small-gate-length IZO TFTs were measured. A T-model was used to extract the device parasitic parameters. This is the first report of rf performance for IZO TFTs. The transistor showed good dc performance. An extrinsic transconductance of 7.5 mS/mm was achieved, which is the highest ever reported. The IZO thin-film deposition and transistor fabrication were performed at room temperature, which makes this technology suitable for applications on organic flexible substrates. 
